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TECHNICAL NOTE
In vitro incubation and study of kidney glomerular epithelial
cells
PETER M. ANDREWS and MARGUERITE STAUVER
Department ofAnatomy, Schools of Iv! edicine and Dentistry, Georgetown University, Washington, D.C.
The kidney glomerular (visceral) epithelium is
composed of very elaborate cells (podocytes) which
wrap around underlying glomerular capillary loops.
Evidence indicates that this epithelium is important
in regulating hydraulic flux across the glomerulus
[1-3] and in synthesizing and maintaining the integ-
rity of the glomerular basal lamina [4, 5], and that it
may be the primary site of lesion in some diseases
[1, 2, 6, 71. In response to some disease states (for
example, the nephrotic syndrome), this epithelium
undergoes dramatic morphologic changes which are
valuable in distinguishing and diagnosing these dis-
eases. A system which would allow for the in vitro
incubation of isolated, fully differentiated glomeru-
lar epithelial cells would provide a valuable experi-
mental model wherein the specific effects of various
compounds and conditions on this important epithe-
hum could be evaluated.
In vivo the glomerular epithelium is encased in a
thin shell of parietal epithelium and is bathed in the
glomerular filtrate. In the course of previous inves-
tigations [141, we found that when the kidney is
sliced with a razor, the urinary pole aspect of the
parietal epithelial capsule is often removed, thereby
exposing the glomerular epithelium. In the present
investigation, such kidney slices were incubated at
370 C with a variety of culture media and condi-
tions. At selected time intervals, the viability and
alterations in the fine structure of the glomerular
epithelium were studied by combined scanning and
transmission electron microscopy. The results of
this investigation show that fully differentiated, iso-
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lated glomeruli can be maintained in a viable state in
culture for at least 4 days and that glomerular epi-
thelial cells can be cultured for up to 12 hours with-
out exhibiting major changes in their fine structure.
The results of this, as well as other recent investiga-
tions [81 indicate that the techniques described can
serve as a useful tool for evaluating the responses
of these cells to many normal and pathologic stim-
uli.
Methods
Preparation of kidney slices. Male and female
Fisher Fl inbred rats weighing 200 to 350 g were
used in this investigation. Each animal was anesthe-
tized with sodium pentobarbital, secured to a dis-
secting table, and the body cavity exposed. The
aorta was cannulated below the level of the renal
veins, the vena cava was severed, and an oxygen-
ated sterile Tyrode's balanced salt solution (TBSS)
[9] at a pH of 7.2 and warmed to 37° C was perfused
retrograde through the aorta at a pressure of 110
mm Hg. Immediately after onset of perfusion, the
aorta was clamped shut above the level of the renal
arteries. Almost immediately (within 10 sec), the
blood was rinsed from the kidneys as indicated by a
complete blanching of these organs. The bloodless
kidneys were excised from the body and transferred
to a beaker containing oxygenated and warmed
(370 C) TBSS. The remaining renal connective tis-
sue capsule was then removed, and the kidneys
were rinsed briefly to remove any blood which may
have adhered to their sides. The kidneys were
placed in a puddle of TBSS on a slab of dental wax
and secured to the wax with two dissecting needles.
Each kidney was then cut into 1-mm-thick slices
with precleaned, sterile razor blades. Normally, at
least 10 to 15 good slices (excluding the ends) can be
obtained from each kidney. The thin slices of kid-
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ney were picked up by their medullary zones with
fine jewelers' forceps and transferred to prewarmed
incubation solutions. Sterile instruments and tech-
niques were used as much as possible throughout
the above procedures.
Incubation solutions and conditions. We used the
following incubation solutions: Tyrode's balanced
salt solution, medium 199 with Earle's salts (GIB-
CO), medium 199 with Earle's salts plus 10% fetal
calf serum (GIBCO), medium 199 with Earle's salts
and 25 msi HEPES buffer (GIBCO), and Dulbec-
co's modified Eagle medium with 25 m HEPES
buffer (GIBCO). To retard bacterial and fungal
growth, 0.1 ml of an antibiotic-antimycotic mix-
ture containing 1,000 U of penicillin, 2.5 sg of am-
photericin B (Fungizone®), and 100 sg of strep-
tomycin (GIBCO) was added to each 10 ml of in-
cubation solution.
In one series of experiments, kidney slices were
incubated in 100 ml of each of the above incubation
solutions in 200-mi sterile glass beakers. The beak-
ers were maintained at 37° C in a water bath and
continuously oxygenated with bacteriologically fil-
tered 95% oxygen and 5% carbon dioxide. Pilot
studies indicated that if the bubbling gas agitates the
kidney slices too much, mechanical damage to the
glomeruli sometimes results. Care was therefore
taken to situate the oxygenating Pasteur pipettes so
that they did not agitate the incubating slices. The
incubation solutions were capped with sterile Petri
dish tops in which there was a small hole to allow
for the oxygenating Pasteur pipette. When added to
the above solutions, fresh kidney slices gently settle
to the bottom of the beaker. Care was taken to pre-
vent the slices from touching each other. The in-
cubation solutions were changed after the first 6
hours of incubation and every 24 hours thereafter.
In a second series of experiments, kidney slices
were maintained in Petri dishes (3.5 inches X .75
inches) containing 30 ml of each incubation solu-
tion. Unlike those in the first series of experiments,
the solutions were not continuously oxygenated and
were maintained at 37° C in a water-jacketed in-
cubator (Forma Scientific, model #3156) equipped
with an automatic carbon dioxide controller (set at
5% carbon dioxide). As in the first series of experi-
ments, the incubation solutions were changed after
the first 6 hours of incubation and every 24 hours
thereafter.
With the above incubation solutions and condi-
tions, fresh kidney slices from Fisher Fl inbred rats
were incubated for timed intervals of 10 and 30 mm,
1,3,6,8, 10, 12, 18,24,36,48,60,72,and96hours.
At each time interval, two or more kidney slices
were removed from the incubation solutions, rinsed
briefly in warm (37° C) TBSS, and fixed for scan-
ning and transmission electron microscopic obser-
vation.
In a third series of experiments, kidney slices
were placed on medium-soaked strips of agar in Pe-
tn dishes. These samples were incubated at 37° C in
a water-jacketed incubator (Forma Scientific, mod-
el #3 149). Because early results indicated that the
glomerular epithelium degenerates within 10 to 15
mm with this third technique, no attempt was made
to pursue this procedure for longer timed intervals.
Preparation of kidney samples for electron mi-
croscopy. In each of the above experiments, the
first samples cut from perfused kidney were fixed
immediately by immersion in sodium-phosphate-
buffered 2.5% glutaraldehyde (pH, 7.2; 410 mOsm).
After 3 to 6 hours in glutaraldehyde, the slices were
rinsed in phosphate buffer and postfixed in sodium-
phosphate-buffered 1% osmium tetroxide for 1
hour. Following incubation in the various solutions,
kidney slices were fixed in a similar manner.
For scanning electron microscopic viewing, the
samples were dehydrated through graded acetones
and dried by the critical point method [101. Dried
samples were mounted on stubs, coated with ap-
proximately 100 A of gold/palladium in a sputter
coater (Hummer II), and viewed with a JEOL JSM-
U3 scanning electron microscope operating at 25
kV.
For transmission electron microscopic viewing,
the samples were stained en bloc in uranyl acetate,
dehydrated through methanol and propylene oxide,
and embedded in a mixture of Epon and Araldite
resins. Ultrathin sections (50 to 80 nm) were post-
stained with uranyl acetate and lead citrate [11] and
viewed in a JEOL 100 B transmission electron mi-
croscope operating at 80 kV.
Results and Discussion
Of the several techniques tried, only the proce-
dure involving incubation in continuously oxygen-
ated solutions proved consistently reliable for main-
taining glomerular epithelial cells for up to 4 days.
This is perhaps not surprising in that the free sur-
faces of these cells are normally being bathed in an
oxygen and nutrient-rich liquid medium (the gb-
merular filtrate). We found that when kidney slices
are maintained in unoxygenated incubation solu-
tions in Petri dishes, the glomerular epithelium usu-
ally exhibits a considerable degree of degeneration
within 6 hours of incubation. Attempts to incubate
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Fig. 1. Glomerular epithelium of a rat kidney slice preserved by immersion fixation after being cleared of blood by vascular perfusion of
TBSS. Large nucleated cell bodies (B) are seen sending out major processes (MP) and foot processes (F) around underlying glomerular
capillaries (x 2850).
Fig. 2. Glomerular epithelium of a rat kidney slice fixed after 6 hours of incubation in TBSS. Except for an increase in number and length
of microvillous-like projections, podocyte cell bodies, major processes, and foot processes appear morphologically identical to those of
normal podocytes (x 1900).
kidney slices on culture-medium-soaked agar strips
proved even more deleterious to this epithelium. If
the glomerular epithelium on such samples is ex-
posed to air, it undergoes degeneration within 10 to
15 mm.
In a normal rat kidney cortical slice, at least 20
glomeruli are usually exposed to the incubation me-
dium. If these glomeruli protrude only slightly from
the cut surface, the glomerular epithelial cells ap-
pear intact and normal. If, however, the glomeruli
protrude one half or more from a smoothly cut sur-
face, the apical podocytes on these glomeruli some-
times suffer apparent mechanical damage due to the
cutting action of the razor blade. These mechanical-
iy damaged apical podocytes may exhibit a rapid
morphologic degeneration (that is, plasmalemma-
pitting, degeneration of cytoplasmic organelles, and
soon) and eventual sloughing off during incubation.
At the various timed intervals studied, very little
difference can be found in the morphology and time-
associated morphologic alterations of glomerular
epithelia incubated in the various incubation solu-
tions used in this investigation. In general, how-
ever, there are significantly fewer degenerating gb-
merular epithelia on kidney slices maintained in the
culture media as opposed to those incubated in
TBSS alone. This increased viability of glomeruli
maintained in culture media may reflect media con-
stituents which enable podocytes to better recover
from dissection trauma. Also, it was noted that
glomeruli on the surface of the kidney slice facing
up in the incubating container (beaker) exhibit sig-
nificantly fewer signs of degeneration than do those
on the kidney surface facing the bottom of the con-
tainer. The former (the up or good surface) can be
recognized after critical point-drying in that it is
usually darker in color than the down surface.
The normal morphology of the glomerular epithe-
hum has been described in detail in previous inves-
tigations 1, 12—141 (Fig. 1). The surface topography
of this epithelium during the course of in vitro in-
cubation is depicted in Figs. 2—6. During the first 12
hours, the only alteration noted is an increase in
number and length of free surface microvillous pro-
jections (Fig. 2). These projections begin to appear
within 30 mm during incubation and have the typi-
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Fig. 3. Glomerular epithelium after 24 hours of incubation in Dulbecco's modified Eagle medium. Although major processes persist as
discrete podocyte processes, most foot processes have formed junctional complexes (apparently zonula occludentes) with adjacent foot
processes and are no longer discernible (x 1900).
Fig. 4. Glomerular epithelium after 48 hours of incubation in Dulbecco's modified Eagle medium. Podocyte cell bodies are slightly
swollen, major processes somewhat thickened, and underlying capillary loops have shrunken in size (x2660).
Fig. 5. Glomerular epithelium after 72 hours of incubation in Dulbecco's modified Eagle medium. Podocyte cell bodies have swollen
considerably and appear crowded together as underlying capillary loops continue to shrink in size (x 1900).
Fig. 6. Glomerular epithelium after 96 hours of incubation in Dulbecco's modified Eagle medium. Podocyte cell bodies are quite swollen
in size and crowded together, and major processes are short and thickened. Note that podocyte free surface microprojections are shorter
than at earlier incubation times. Also note the cytoplasmic strands (arrows) which are often seen extending between adjacent podocytes
(x 1615).
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cal microfilament cytoskeletal arrangement of
straight microfilaments running parallel to their long
axes. This morphological alteration has led us to of-
ten describe podocytes maintained in vitro as ap-
pearing "hairy" when compared to their in vivo
counterparts. In view of the absorptive nature of
microvilli [15], these new surface microprojections
may reflect an attempt by podocytes to absorb nu-
trients from the surrounding media. As such, this
morphologic alteration may be an adaptive re-
sponse to the lack of nutrients which otherwise nor-
mally reach the basal aspect of these cells via gb-
merular capillaries. Fortunately, the density of mi-
croextensions is never so great as to obscure the
rest of the podocyte plasmalemma from scanning
electron microscopic observation. The only other
change noted in glomerular epithelial cells during
the first 12 hours of incubation is an increase in
number of lipid droplets and some lysosomal ele-
ments (Fig. 7). An increase in these two cyto-
plasmic elements is, however, a common response
of many tissues to dissection trauma and in vitro
culture in general [161. Except for the foregoing
changes, the gbomerular epithelial topography is
normal and the cytoplasmic organelles appear nor-
mal in size and intracellular distribution. Even the
thin filtration slit diaphragm and underlying gb-
merular basal lamina appear intact and unchanged
(Fig. 8).
After 12 hours of incubation, glomerular epithe-
hal cell foot process interdigitation becomes less or-
derly, and by 24 hours most foot processes are lost
and junctional complexes have formed between
podocyte processes (Fig. 3). These junctional com-
plexes are very similar to the occluding junctions
which form between podocyte processes in re-
sponse to the nephrotic syndrome [17]. Unlike dur-
ing the nephrotic syndrome, however, the large
armlike major processes persist as distinct podo-
cyte processes. It has been proposed that the physi-
ologic role of podocyte foot processes and their in-
tervening filtration slits is to monitor hydraulic flux
of glomerular filtrate across the glomerulus [1, 3,
18]. If this is true, then loss of foot processes and
filtration slits may be in response to a cessation of
glomerular filtrate flow across the glomerulus. It is
also possible, however, that loss of foot processes
may be in response to the shrinkage in size of un-
derlying glomerular capillary loops or loss of the
glomerular sialic acid surface coat.
As glomeruli are incubated for longer periods of
time, podocyte cell bodies swell and become more
crowded together as underlying capillary loops
shrink in size (Figs. 3-6, 9). The swelling of podo-
cyte cell bodies may be in response to the decrease
in size of podocyte processes and the resultant flow
of cytoplasm from these processes into the cell
body. This possibility is supported by a recent
study which showed that a reduction in major proc-
ess size resulting from vinblastine-induced micro-
tubule-loss also results in a flow of cytoplasm into
and a resultant swelling of the podocyte cell bodies
[131. By 4 days of incubation, gbomerular epithelial
cells are quite swollen and protrude from the gb-
merulus to give an appearance not unlike mulberry
globules (Fig. 6). This morphologic appearance is
very similar to the undifferentiated glomerular epi-
thehia which characterize 1-week-old rats [19]. Be-
fore their differentiation into podocytes, glomerular
epithehial cells in newborn rats are columnar and
possess few, if any, cytoplasmic processes. In re-
sponse to blood reaching and expanding underlying
glomerular capillary loops, these cells become flat-
ter and develop pedicels and major processes [19].
The glomerular epithelial cells at 4 days of in-
cubation may therefore be undergoing a dedif-
ferentiation in response to a lack of blood to and
shrinkage of underlying gbomerular capillaries.
Perhaps almost as interesting as the modifications
occurring in the gbomerulus are changes which take
place in surrounding surface epithelial cells. In
freshly incubated kidney sections, the surface prox-
imal tubules undergo degeneration within minutes
during incubation (Fig. 10). This rapid degeneration
is not surprising in view of the rapid degenerative
changes proximal tubule cells exhibit even when at-
tempting to preserve them for electron microscopic
observation [20].
By 12 hours of incubation, however, the tubular
epithelium surrounding the glomeruli begins to be
Fig. 7. Thin section through a glomerulus which has been in-
cubated for 10 hours in Dulbecco's modified Eagle medium.
Except for an increase in lipid inclusions (L), this glomerulus
exhibits an intracellular fine structural morphology which is
essentially the same as normal glomeruli. C denotes capillary
lumen; D, cellular debris; F, foot processes; G, Golgi apparatus;
M, major process; V, microvillous projection; N, nucleus
(x 12,600).
Fig. 8. High magnification view of the area outlined in brackets
in Fig. 10. At this magnification, it is evident that the fine (60
A) filtration slit diaphragms are intact (arrows) and the glomer-
ular basal Jamina (BL) appears essentially unaltered in fine
structure (x60,000).
Fig. 9. Glomerulus after 72 hours of incubation in 199 medium
with Earl's salts. The nucleated podocyte cell bodies have
swollen considerably, foot processes are no longer present,
tight junctional-like complexes have formed between adjacent
podocyte processes (arrows), and lipid droplets have accumu-
lated in the cytoplasm. The endothelial walls have also
become considerably thicker, and their lumina have de-
creased in size. Despite the above changes, epithelial and
endothelial cells exhibit a viable intracellular fine structure
(x 8835).
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Fig. 10. Surface of a typical kidney cortical slice after 1 hour of incubation in 199 medium with Earl's salts. Many degenerating urinifer-
ous tubules (DUT), mainly proximal, can be seen surrounding a protruding glomerulus (GL) (x285).
Fig. 11. Surface of a kidney cortical slice 96 hours after incubation in 199 medium with Earl's salts. Most of the exposed surface
surrounding glomeruli has become transformed into a thin layer of viable cells (x285).
Fig. 12. Higher magnification view of the area outlined in brackets in Fig. 14. Note the primary cilia (arrows) and sparse population of
microprojections which sometimes characterize the free surfaces of cortical surface cells (x3040).
Fig. 13. Thin section through the cortical surface cells of a kidney slice which has been incubated in 199 medium with Earl's salts for 72
hours. These cells appear ultrastructurally viable and are separated from underlying degenerating uriniferous tubules (DUT) by a basal
lamina (BL) (x4180).
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modified to form a thin sheet of epithelial cells over
the cortex. By 24 hours, this thin layer of epithelial
cells is quite prominent and results in a rather flat-
tened cortical surface, except for occasional pits
representing remnants of uriniferous tubules. This
epithelial layer (Figs. 11, 12) is usually one to two
cell-layers thick and is separated from underlying
degenerating cortical tissue by a prominent basal
lamina (Fig. 13). Like their incubated glomerular
epithelial counterparts, these cells often possess
many lipid droplets (Fig. 13). Also, like cells lining
the uriniferous tubles in vivo [13], the cells com-
posing this sheet often exhibit one or two primary
cilia (Fig. 12) and even occasional remnants of a
brush border. The presence of brush border and pri-
mary cilia on these cells suggests that this new vi-
able cell layer is derived from the uriniferous tubu-
lar epithelium. Unlike proximal and distal tubule
cells, however, these cells do not exhibit prominent
basal or lateral interdigitations. Coincident with for-
mation of this epithelial layer, there is a significant
reduction in height of tissue surrounding the glome-
ruli and, as a result, glomeruli protrude even more
ostentatiously from the cut surface (Fig. 11).
The above differentiation of tubular epithelial
cells may prove useful in future studies of this epi-
thelium. In addition, the apparent viability of the
glomerular endothelium, basal lamina, and even
mesangial components of the glomerulus may prove
valuable in future investigations of these glomerular
components.
Acknowledgments
This investigation was supported by the National
Institutes of Health Grant AM18043. Drs. R. An-
derson and B. Decker provided the use of their in-
cubators.
Reprint requests to Dr. P. M. Andrews, Department of Anat-
omy Room SW20JA, Schools of Medicine and Dentistry, George-
town University, 3900 Reservoir Rd. N.W., Washington, D.C.
20007, USA.
References
1. ANDREWS PM: A scanning and transmission electron micro-
scopic comparison of puromycin aminonucleoside-induced
nephrosis to hyperalbuminemia-induced proteinuria with
emphasis on kidney podocyte pedicel loss. Lab Invest
36:183-197, 1977
2. COHEN AH, MAMPASO F, ZAMBONI L: Glomerularpodocyte
degeneration in human renal disease: An ultrastructural
study. Lab Invest 37—42:30, 1977
3. SHEA SM, MORRISON AB: A stereological study of the gb-
merular filter in the rat. J Cell Biol 67:436—443, 1975
4. KURTZ SM, FELDMAN ID: Experimental studies on the for-
mation of the glomerular basement membrane. J Ultrastruct
Res 6: 19—27, 1962
5. WALKER F: The origin, turnover and removal of glomerular
basement membrane. J Pathol 110:233—244, 1973
6. MICHAEL AF, BLAU E, VERNIER RL: Glomerular poly-
anion: Alteration in aminonucleoside nephrosis. Lab Invest
23:649—657, 1970
7. RYAN GB, KARNOVSKY Mi: An ultrastructural study of the
mechanisms of proteinuria in aminonucleoside nephrosis.
Kidney ml 8:219—232, 1975
8. ANDREWS PM: Scanning electron microscopy of the kidney
glomerular epithelium after in situ and in vitro treatment
with polycations. Am J Anat 153:291-304, 1978
9. TYRODE MU: The mode of action of some purgative salts.
Arch mt Pharmacol 20:205—223, 1910
10. ANDERSON TF: Techniques for preservation of three-dimen-
sional structure in preparing specimens for the electron mi-
croscope. Trans NYAcad Sd 13:130—134, 1951
11. REYNOLDS ES: The use of lead citrate at high pH as an elec-
tron opaque stain in electron microscopy. J Cell Biol 17:208—
212, 1963
12. ANDREWS PM: Scanning electron microscopy of human and
rhesus monkey kidneys. Lab Invest 32:610-618, 1975
13. ANDREWS PM: The effect of vinblastine-induced micro-
tubule loss on kidney podocyte morphology. Am J Anat
150:53—62, 1977
14. ANDREWS PM, PORTER KR: A scanning electron microscop-
ic study of the nephron. Am J Anal 140:81—116, 1974
15. FAWCETT DW: Surface specializations of absorbing cells. J
Histochem Cytochem 13:75—91, 1965
16. BALLS M, MONNICKENDAM MA: Organ Culture in Biomedi-
cal Research. Cambridge University Press, 1975
17. CAULFIELD JP, REID JJ, FARQUHAR MG: Alterations of the
glomerular epithelium in acute aminonucleoside nephrosis:
Evidence for formation of occluding junctions and epithelial
cell detachment. Lab Invest 34:43—59, 1976
18. RYAN GB, RODEWALD R. KARNOVSKY Mi: An ultrastruc-
tural study of the glomerular slit diaphragm in amino-
nucleoside nephrosis. Lab Invest 33:461-468, 1975
19. MIY0SHI M, FUJITA T, TOKUNAGA I: The differentiation of
renal podocytes: A combined scanning and transmission
electron microscope study in rats. Arch Histol Jpn 33:161—
178, 1971
20. MAUNSBACH AB: The influence of different fixatives and fix-
ation methods on the ultrastructure of rat kidney proximal
tubule cells: I. Comparison of different perfusion fixation
methods and of glutaraldehyde, formaldehyde and osmium
tetroxide fixatives. J Ultrastruct Res 15:242—281, 1966
